Abstract. In predatory ladybirds male embryos in clutches of eggs infected with male-killing bacterial endosymbionts do not hatch and are consumed by female hatchlings. Moreover, it is predicted that infection with male-killing bacteria should be prevalent in a ladybird population if the fitness advantage to female ladybirds due to the resulting reallocation of resources is high. We compared male-killer bacterial prevalence in two sibling species of the ladybird genus Harmonia that use different host ranges. Harmonia yedoensis feeds mostly on the highly elusive pine aphid and its hatchlings can greatly enhance their ability to capture prey and thus their survival by consuming un-hatched eggs in the clutch. In contrast, Harmonia axyridis feeds on a wide range of prey and consumption of un-hatched eggs by the hatchlings does not necessarily increase their foraging success. In the study area where these two species of ladybird occur sympatrically 14 of the 22 females of H. yedoensis (64%) laid clutches of eggs of which approximately only a half hatched and did not produce male offspring, whereas only one of 12 of the females of H. axyridis (8%) exhibited symptoms indicating infection with male-killing bacteria. In the H. yedoensis that exhibited symptoms of being infected with male-killing bacteria, the total allocation of resources to each hatchling, which was provided by laying larger eggs and eating the un-hatched eggs in the clutch, was considerable. These results suggest that the difference in the prevalence of infection with male-killing bacteria in these two species of ladybird may reflect differences in the quality of their prey and their foraging behaviour.
IntroductIon
Bacterial endosymbionts can enhance their own transmission efficiency by manipulating the reproductive mode of their arthropod hosts (O'Neill et al., 1997 ). An early male-killing strategy, in which endosymbiont bacteria kill their male hosts during embryogenesis, is reported in a range of insect hosts, including Coleoptera, Lepidoptera and Diptera (Hurst & Jiggins, 2000) . This strategy is beneficial to maternally inherited bacteria because the death of the male hosts confers a fitness advantage on the remaining female hosts due to the reallocation of resources from male embryos to female hatchlings (Hurst, 1991; Hurst et al., 1997) . Moreover, fewer siblings reduce competition for resources within a patch (Jaenike et al., 2003; Martins et al., 2010) . Furthermore, it is hypothesized that female offspring are less likely to suffer inbreeding depression because they have few, if any, brothers (Werren, 1987) . In addition to the benefits resulting from the death of male embryos, bacterial infection can confer direct benefits to the female host, including resistance to pathogens or parasites (Unckless & Jaenike, 2011) . Theory predicts that male-killing bacteria should be prevalent in a host population if the fitness advantage for female hosts is high Jaenike, 2009) . However, even though there is considerable variation in the prevalence of infection of different host species and populations (Hurst & Jiggins, 2000; Jaenike, 2009) , the relationship between male-killer prevalence and ecological factors affecting the fitness of infected hosts remains unclear.
Aphidophagous ladybirds are suitable models for studying male-killing bacteria, because many species harbour male-killing bacteria (e.g., Wolbachia, Rickettsia, or Spiroplasma) Majerus, 2006; Majerus & Majerus, 2012) . Most species of aphidophagous ladybirds lay eggs in tight clutches and their offspring forage on aphids. It can be difficult for the small hatchlings to capture aphids, owing to their larger body size, defensive behaviour and spatial-temporal variation in colony size. As a result, small ladybird hatchlings are at risk of starvation (Hurst & Majerus, 1993; . In this context, female neonates can enhance their ability to capture and reduce their risk of starvation by consuming un-hatched male eggs. Therefore, infection with male-killing bacteria is likely to occur in aphidophagous species of ladybirds. In some species, moreover, it is reported that infected offspring develop faster and become larger and thereby increasing the potential fecundity of adult females, even without consuming un-hatched eggs (Elnagdy et al., 2013; but see Hurst et al., 1994) . Despite these advantages, there is considerable variation in the prevalence of male-killing bacteria in different species and populations of ladybirds (Majerus et al., 1998; Hurst & Jiggins, 2000; Weinert et al., 2007; Majerus & Majerus, 2012) . The prevalence of male-killing bacteria is theoretically sensitive to small differences in the selective advantage coupled with the rate of maternal transmission (Jaenike, 2009), however, the ecological mechanisms responsible for the variation in male-killer prevalence in ladybirds are still unclear.
In this study, we focused on two sympatrically distributed sibling species of ladybirds that use strikingly different ranges of prey. Harmonia yedoensis (Takizawa, 1917) (Coleoptera: Coccinellidae) is a specialist predator that occurs only on pine trees and feeds mostly on the giant pine aphid, Cinara pini (Linnaeus, 1758), which is both large and very mobile (Sasaji, 1998). Mothers of H. yedoensis invest a large amount of resource in their offspring, as its eggs are large and sibling egg cannibalism frequently occurs even in the absence of any bacterial infection, which enhances the ability of their offspring to hunt mobile prey (Osawa & Ohashi, 2008; Noriyuki et al., 2011) . It has been experimental-females fed just honey diluted in water plus A. pisum because the sex ratio of ladybirds fed honey and aphids is not affected (e.g., Hurst et al., 1992; Majerus et al., 1998) .
We performed a diagnostic polymerase chain reaction (PCR) analysis to confirm the presence of Spiroplasma bacteria, because detailed molecular studies have reported the presence of Spiroplasma spp. in male-killing lines of both H. yedoensis (Osawa et al., unpubl. data) and H. axyridis (Majerus et al., 1998) . All specimens of ladybirds were preserved in 99% ethanol after making the measurements described above, and the whole abdomen of each specimen was homogenized and then digested with proteinase K. These samples were then analyzed for Spiroplasma by performing PCR using the primer pair MGSO (van Kuppeveld et al., 1992) and HaIn1 (Hurst et al., 1999) and the following reaction conditions: 2 min initial denaturation at 95°C; followed by 35 cycles of 20 s denaturation at 95°C, 1 min annealing at 57°C and 30 s of extension at 72 C; then 10 min of final extension at 72°C. A second PCR analysis was performed under the same conditions if the result of the first was negative. All PCR amplifications were performed with TaKaRa ExTaq DNA polymerase (Takara, Otsu, Japan) with an appropriate positive control (a sample of Spiroplasma sp.) and negative control (distilled water).
Statistics
The proportion of eggs that hatched was analyzed using a generalized linear mixed model with a binomial error structure (GLMM; Schall, 1991) and the lmer function of the lme4 library of the R software package (version 2.10.1, R Foundation for Statistical Computing, Vienna, Austria). The identities of the mothers were represented as random terms and repeated sampling was conducted of the same focal mothers (Schall, 1991) . Egg size was also analyzed using a GLMM with a lmer function including a Gaussian error structure.
reSultS
The H. yedoensis and H. axyridis used consisted of male-killing (MK) lines that produced only daughters and normal sex ratio (NSR) lines that produced offspring of both sexes. Here, each female and her offspring constituted a line. Fourteen of the 22 females of H. yedoensis (63.64%) produced MK lines and the remaining eight females NSR lines, which produced nearly equal numbers of male and female offspring (Fig. 1, Appendix) . With one exception (53.91%) the percentage of eggs laid by the MK lines of H. yedoensis that hatched was less than 50% (mean ± SE = 41.70 ± 0.02%), and significantly lower than that of the NSR lines (mean ± SE = 74.42 ± 0.04%; GLMM: line, χ 2 1 = 34.61, P ly demonstrated that egg consumption immediately after hatching greatly enhances the searching ability and efficiency of H. yedoensis hatchlings in capturing C. pini, and their probability of moulting to the next instar (Noriyuki et al., 2011) . In contrast, the sibling species Harmonia axyridis (Pallas, 1773) is a generalist predator that utilizes various species of prey in the field (Osawa, 2000) . Even though H. axyridis produces smaller eggs than H. yedoensis and the intensity of sibling egg cannibalism within a clutch is low, H. axyridis hatchlings are able to capture their less mobile aphid prey (Noriyuki et al., 2011) . Although sibling egg consumption can also enhance the survival of H. axyridis hatchlings, the fitness advantage is low, especially when aphid density is high (Osawa, 1992) . Therefore, the reallocation of resources from un-hatched eggs to hatchlings is more advantageous for H. yedoensis than H. axyridis. Consequently, we hypothesized that the prevalence of infection with male-killer bacteria should be higher in H. yedoensis than H. axyridis. To test this hypothesis, we determined the percentage of eggs that hatched and the sex ratio of the offspring of these two sympatrically occurring sibling species of ladybirds. We also compared the investment in each offspring, which is closely correlated with hatchling performance in H. yedoensis, in infected and uninfected lines of this species. The results suggest that the variation in the prevalence of malekilling bacteria in these two species of ladybirds may reflect differences in the quality of their prey and foraging behaviour.
MAterIAl And MethodS ladybirds
Twenty-five females of H. yedoensis and 12 of H. axyridis were collected at Iwakura, Kyoto (135°79´E, 35°09´N) , central Japan, in April and May 2011. All females were individually maintained in plastic Petri dishes (9 cm in diameter by 1.5 cm deep) at 25°C and under a 16L : 8D photoperiod, and provided with a surplus of pea aphids, Acyrthosiphon pisum (Harris, 1776). Kept under these conditions the females produced many clutches of eggs. Each Petri dish was replaced by a new one every day in order to remove adult faeces, which contain odours that are thought might deter oviposition in ladybirds (Agarwala et al., 2003) . Nevertheless, three females of H. yedoensis failed to produce offspring and were excluded from the analyses (Appendix). Egg clutches were kept under the same laboratory conditions as described above and the numbers of eggs and larvae that hatched from each clutch (up to 15 clutches per female) were counted and the percentage of eggs that hatched calculated. Hatchlings were fed with a mixture of powdered drone honeybee, dried yeast and sucrose, following Niijima et al. (2000) . Subsequently, sex of the newly emerged adults was determined by examination of their abdominal morphology (males of both H. yedoensis and H. axyridis have an obvious notch in the posterior margin of the last abdominal sternite; Sasaji, 1977) . In addition, 17 females of H. yedoensis and 6 of H. axyridis were chosen from those collected in the field and the length (l) and width (w) of 10 eggs laid by each of the females were measured under a microscope. Egg size was then estimated as lw 2 π/6 (Takakura, 2004) . The total maternal investment per hatchling was estimated as the average egg size divided by the average proportion that hatched.
Bacteria
After making the measurements described above, some of the females were fed an antibiotic and its effect on the male-killing trait was assessed. Two of the original 25 females of H. yedoensis that previously produced only female progeny and two that produced offspring with a normal sex ratio were fed a 10% mixture of the antibiotic tetracycline hydrochloride in honey diluted with water plus A. pisum every day. There was no control treatment of < 0.001). In contrast, only one of the 12 females of H. axyridis (8.33%) laid egg clutches of which few hatched and produced only female offspring. The percentages of the eggs that hatched of the remaining 11 mothers were high and their offspring sex ratios were normal (Fig. 1, Appendix) . Consequently, in the Iwakura ladybird population, the proportion of MK lines was significantly higher in H. yedoensis than H. axyridis (Fisher's exact test, χ 2 1 = 9.63, P < 0.01).
After the tetracycline hydrochloride treatment, the percentage of eggs that hatched of MK line females of H. yedoensis significantly increased (GLMM: treatment, χ 2 1 = 74.12, P < 0.001) and they produced both male and female offspring (Table 1 ). In contrast, the antibiotic treatment did not affect the percentage of eggs that hatched of NSR line females (χ = 72.014, P < 0.001; Fig. 2 ).
dIScuSSIon
In the study area, the prevalence of male-killer, based on low percentage of eggs that hatched and female-biased sex ratios, was significantly higher in H. yedoensis than H. axyridis. Moreover, antibiotic treatment and diagnostic PCR results indicate that bacterial endosymbionts belonging to Spiroplasma spp. were responsible for killing the male embryos. In fact, more than half of the females of H. yedoensis examined exhibited appropriate symptoms and were infected with Spiroplasma, whereas only one female of H. axyridis did. In nature, H. yedoensis mostly feeds on the giant pine aphid, which is a highly elusive prey for the hatchlings, perhaps because negative mating interactions with H. axyridis restrict the food choice of H. yedoensis (Noriyuki et al., 2012) . In this situation, sibling egg consumption greatly enhances the efficiency of the hatchlings of H. yedoensis in capturing the giant pine aphid and so reduces its risk of starvation (Noriyuki et al., 2011) . Thus, our results support the hypothesis that infection with male-killing bacteria is likely to be more prevalent in species that gain a fitness advantage through altered resource reallocation within a clutch.
The level of allocation of resources by females to their daughters could be an important determinant of the prevalence of male-killer in ladybirds. Osawa & Ohashi (2008) report that the eggs of H. yedoensis are larger than those of H. axyridis and we found that the percentage of eggs that hatched was significantly lower in NSR lines of H. yedoensis than of H. axyridis (Fig. 1) . Therefore, H. yedoensis laid a larger number of eggs that do not hatch than H. axyridis independent of whether they are infected with male-killer or not, but the physiological basis for this is unknown. Nevertheless, male-killing bacteria can further increase the resource allocation to each hatchling. In fact, more resources were allocated to each offspring in MK lines of H. yedoensis than in NSR lines of either H. yedoensis or H. axyridis (Fig. 2) . Therefore, male-killing bacteria may confer fitness advantages to H. yedoensis via resource reallocation and consequently favours the high transmission of the bacteria. This may account for the higher prevalence of male-killing bacteria in the sample of H. yedoensis collected than is reported for most other species of ladybird (Hurst & Jiggins, 2000; Majerus, 2006; Majerus & Majerus, 2012) .
At present, it is unclear whether the incidence of male-killer infection in the population studied has reached equilibrium or is a transient epidemic. In this study, we examined the two species of ladybird occurring at just one site, thus it is difficult to fully evaluate the ecological and evolutionary factors that affect the prevalence of infection with male-killing bacteria. To resolve this problem further studies of the variations in the prevalence of male-killing bacteria in more populations of these two species and over longer periods of time are needed. The reported prevalence of male-killing bacteria is low in most areas where H. axyridis populations occur in Japan (Matsuka et al., 1975; Nakamura et al., 2005) , although there are a few exceptions (Majerus et al., 1998) . This indicates that widespread infection with malekilling bacteria is hampered in some way in these populations. In addition to biogeographical surveys, phylogenetic patterns in the polymorphism of both the host and parasite genomes can be used to estimate the evolutionary history of the infection (e.g., Jiggins, 2003; Dyer & Jaenike, 2004; Graham & Wilson, 2012) . Thus phylogenetic techniques could be used to determine the persistence of the interaction between male-killing Spiroplasma and Harmonia ladybirds on an evolutionary time scale.
Alternatively, factors other than the benefits that accrue from the reallocation of resources to hatchlings might also contribute to the prevalence of male-killing bacteria in Harmonia ladybirds. We speculate that avoidance of inbreeding depression (cf. Werren, 1987) may not be a very important factor in the prevalence of infection with male-killing bacteria in H. yedoensis, because it takes the adults at least a few weeks to reach sexual maturity after emergence (Okada et al., 1978) and in that time period they are likely to disperse from the areas where they developed (Sasaji 1998). However, it is possible that reduction in the competition for resources among sibling larvae enhances the likelihood of infection with male-killing bacteria. Moreover, male-killing bacteria may confer direct benefits on the host by enhancing host development and resistance to disease, as various pathogens and parasites infect ladybirds, especially H. axyridis (reviewed in Kenis et al., 2008; Roy et al., 2011; Ceryngier & Twardowska, 2013) . Therefore, the relative importance of these factors, which are not mutually exclusive, must be evaluated. Nevertheless, our study supports the inference that the differences in the foraging behaviour of ladybird hatchlings, which reflect the marked differences in the prey of these sympatrically distributed sibling species, can at least in part account for the inter-specific variation in the prevalence of male-killing bacteria.
